In this study, three microtremor observations were conducted in the SMART! area, on July 12, 13 and 15, 1982. 
INTRODUCTION 225
Microtremors (background seismic noise or earth noise) have been studied by many authors (Capon, 1969a; Haubrich and Macamy, 1969; Bungum and Rygg, 1971; Douze and Laster, 1979j Liaw and McEvilly, 1979; Oppenheimer and Iyer, 1980) using array data. Asten and Henstridge (1984) reviewed this· literature and concluded that cultural sources, coastal effects, ocean storms and atmospheric loading are four main types of microtremor origins which can be identified -within the frequency range of 0.5 to 3 Hz. The first two sources generate mainly Rayleigh waves; the third generates P waves, and the fourth generates undefined modes. This review also suggested that the microtremors are mainly composed of Rayleigh waves, if they are observed during a time TAO . Vol.I, No.3 when no special conditions, such as low pressure, geothermal or wind actions, are present.
·
Many attempts have already been made to infer local geological conditions from microtremors. The rp.ethods include the use of predominate frequencies (Kanai and Tanaka, 1961) or power spectra (Katz, 1976) to determine shallow geological conditions. In both of these methods it is difficult to identify the source and propagation effects. of microtremors. One of the problems which still remains with use of the above two methods (Horike, 1985) , is the difficulty in distinguishing whether predominant frequencies are caused by surface waves or by body waves. The identification of wave types is an important problem because predominant frequencies of body, waves caused by local conditions do not always agree with those of surface waves. In order to overcome this problem, we can identify wave types from horizontal phase velocities.obtained by array data (Horike, 1985) . If the measured phase velocities are less than the S-wave velocity of the basement rock and are dispersive, they may be identified as those of surface waves. If not, they will be those of body waves.
In this study, in the vicinity of the SMART! array area, the data from three small arrays were recorded at different time periods to study the mi crotremors. The f-k analysis was used to identify the origin and characteristics of the microtremors. Shallow geological. conditions beneath the SMARTl were also estimated from measured dispersion curves.
INSTRUMENTATION
The SMARTlarray is situated near Lotung city in the south of the Lanyang plain, in northeastern Taiwan. Our microtremor observations in this region were made on July 12, 13 and 15, 1982, with circular arrays 1, 2, and 3, as shown in Fig. 1 . These three arrays fall almost along a line oriented in an east-west direction. Each array consists of 9 vertical component velocity sensors in three concentric circles with radii of abou� 87, 116 and 231 m, separately. The sensor spacings are about 100 to 400 m. The sensor's natural frequency is 1 Hz, and the damping factor is 0.67.
All measurements were conducted during the middle of the night (0 a.m. to 4 a.m. ) in order to avoid the effects of culture noise as much as possible. The output of each sensor was amplified 100 to 1000 times. The signal was digital recorded at a rate of 200 samples/sec, and then converted to 12 bits binary and 4 bits gain ranging and stored on magnetic cassette tapes.
ME THOD OF ANALYSIS
A seismic array is a set of seismographs distributed over an area of the Earth's surface with a spa. cing narrow enough, that the signal waveform may be correlated between adjacent seismographs. It is useful for studying detailed characteristics of wave field propagation across the array (Aki and llichards, 1980) . The f-k power spectrum is a function of frequency and wavenumber. It will tell us the directions of approach to the array and velocities of the waves propagated across the array. To estimate the f-k power spectra, two methods were developed. One is the Beam-Forming Method (BFM) (Lacoss et al, 1969 ) and the other is the Maximum-Likelihood Method (MLM) (Capon, 1969) . Fig. 2a is an example of a BFM array response for array 2. It can be seen that the BFM in the wavenumber space strongly depends on sensor location and it also has a promi nent sidelobe. In the presence of multipath propagation, the large sidelobe effects can't be clearly recognized. Fig. 2b is an example of an MLM array· response for array 2. It shows a more rapid collapse around the power peak and suppresses the sidelobes caused by finite array configuration. The resolu tion of MLM depends not only on sensor location but also on signal-to-noise ratio (SNR). As incoherence noise increase with no improvement of resolution by the MLM can be achieved. Mack and Filnn (1971) suggested two mecha nisms which cause coherence loss-independent additive noise and propagation effects. Wood and Lintz (1973) discussed the resolving power of an array and concluded that it clearly depends on three factors:· the diameter of an array, the spatial distribution of the sensors, and the correlation between the two events to be resolved. It appears that the MLM is the better method for processing two dimensional array data for high resolutions in the presence of multipath interference. Therefore, it is most suitable for background noise studies.
The power spectrum at frequency f and vector wavenumber k for an array of N sensors by MLM is given by
where N =number of sensors.
</>ii(!) = cross-power spectrum between ith and jth sensors at frequency f. Gj = rj -fi where Ti and rj are the position vectors of the ith and jth sensors.
<Pi/(!) = is the element of the corresponding inverse for th . e matrix </>ij(/).
DATA PROCE SSING
For some reason, the 9 sensors of each array did not always work. The number of effective sensors that corresponds with each observation is shown in Table 1 . In order to avoid spurious results in the wavenumber domain caused by spatial aliasing, the wavelength we analyze must be greater than twice the minimum sensor spacing, i.e. 200 m.
The computation of f-k power spectrum was done using the following steps:
(1) To compute the cross-power spectra. The method discussed by Capon (1969) was used. For resolution and stability of the estimated power spectrum, we selected 100 seconds' data length for arrays 1 and 2, then divided these time series into 8 segments, each segment being 12.5 sec onds; for array 3, we selected 300 seconds' data length and divided the time series into 32 segments, each time segment being 12.5 seconds. The data length and segment which we divided is shown in Table 1 . In each time segment Hanning's window was used before transforming each seg-· ment into the frequency domain. Cross-power spectrum estimates were obtained by multiplying in the frequency domain and then averaging the results.
- (2) The MLM is based on the inverse of the coherency matrix </>ij(f) in Eq.
(1 ). An additional condition for the successful application of the MLM method is that the coherency matrix be nonsingular. Capon (1969) or showed that a necessary condition for nonsingularity is that the number of blocks (M) used in estimate </>i;(/) must be greater than or equal to the number of sensors (N). A nonsingular matrix is assured if a small amount of incoherent noise is added to the diagonal element </>ij(f).
In order not to influence the resolution on of wavenumber, this small amount (R) added was 0.01, when M < N, as shown in Table 1 . (3) The f-k power spectrum is displaced here as -10 X Log 1 0(P/Pmax) con tours in the wavenumber domain lkJ:::; 5 cycles km-1, where P/Pmax is the ratio of f-k power at each coordinate (kx, ky) to peak power. The wavenumber space consists of 51 x 51 grids; contouring from 0 to 14 db, with an interval of 2 db. In the diagram, the '•' mark indicates the peak power. The velocity V was estimated by
where kx0 and ky0 are corresponding to peak power positions in the wavenumber space.
RESULTS
Figs. 3 and 4 are some examples of f-k power spectra at arrays 1 and 2, respectively. Fig. 3 shows the f-k power spectra at frequencies 0.64 to 1.52
Hz for the microtremors observed by array 1. The maximum peak is found to be located in almost the same position (in the first quadrant) with a similar spectrum shape at all frequencies, especially at 0.8 to 0.96 Hz and 1.28 to 1.52 Hz. It probably suggests that the microtremors are produced by -the same source. The second peak appears in the third quadrant at frequencies of 1.04 to 1.52 Hz with higher apparent velocities _than that of the maximum peak. When examined, there was a microearthquake that occurred during that time.
The epicenter was located 24°2' N and 121°11' E. We suggest that the peaks in the third quadrant were associated with this microearthquake. It is obvious that the f-k technique could distinguish the mixture of both surface and body waves, if they existed. At frequencies of 1.44 to 1.52 Hz, there existed weak signals in the second quadrant (dashed line). It can be justified that they were caused by the sidelobes of the array response. Fig. 4 shows the f-k power spectrum of the microtremors detected by array 2 at frequencies 0.88 to 1.76 Hz. They can be divided into three groups. The first is 0.88 to 1.28 Hz; the second is 1.36 to 1.44 Hz; and the third is 1.52 to 1. 76 Hz. The f-k power spectra of the second and third groups are more complicated than those of the first and second groups. The direction of the maximum peak changed back and forth from the first quadrant to the fourth quadrant. We suggest that the change of azimuth was due to energy being scattered from the. propagatiorr path. This scattering may have been associated with local structure irregularities. It can be seen that another peak is located at the k-axis for frequencies 1.52 to 1. 76 Hz. Coin paring the second peak to the maximum peak at each frequency, we can see that they have a different direction of approach, but have nearly the same velocity.
At array 3, the maximum peak of the f-k power spectra was always at the fourth quadrant (not shown here) .. It probably suggests that as the mi crotremors in this area are very stable, they must be produced by the same source.
From the above analysis, we see that all of the maximum peaks of the f-k power spectra are located at the first or fourth quadrant. This means that the energy of the microtremors approaches from the northeast or southeast direc tion. The spectrum shape changes with frequency gradually. At frequencies of less than 1.04 Hz, there exists a coherence energy across the array, and at fre quencies greater than 1.04 Hz, the energy of microtremors may be scattered by local structure irregularities, and the coherence decreases owing to the sensor spacing used.
DISCUSSION
As mentioned before, the f-k power spectra indicate that the microtremors are propagated into the small arrays from northeast or southeast directions. There are many possible origins we must take into consideration such as traffic (vehicles, trains), and coastal effects or streams near the observation sites. In the following paragraphs, we will discuss these possible microtremor origins in detail.
(L) During the observation period (middle of the night), the traffic of the array region is limited. Lee (1973) studied the seismic noise caused by traffic, and showed that its frequency is always greater than 0.5 Hz. Morever, when the sensor is located 30 to 40 m away from the highway, only weak noise can be observed. It attenuates rapidly with distance. In our experiment, the distance between the highway and the sensors is at least 170 m; therefore, traffic noise is too weak to be detected. Besides, the noise must be of very short duration of time compared to our observation time. The process of carefully selecting data segments (100 seconds) to compute f-k power spectra will also avoid the contamination. (2) The nearest distance of array 1, 2 and 3 is about 630, 2600 and 3000 m from the Lanyang river, respectively. Iyer and Hitchcock (1976) re ported that a flowing river generates noise at frequencies above 6 Hz, and attenuates by about 12 db at 1000 m from the river. From our f-k estimate, it is obvious that no coherence energy above 6 Hz could be seen. (3) Average phase velocities of array 1, 2 and 3 at frequencies 0.8 to" 1. 76
Hz, 0.72 to 1.84 Hz and 0.72 to 1.52 Hz are 857 to 360 m s-1, 788 to 375 m s-1 and 699 to 316 m s -1 , respectively (Table 2 ; Fig. 5 ). In order to identify the wave types of the microtremors within the above frequency bands, the seismic velocity structure beneath the array area must be known. P-wave velocit y structures beneath the Lanyang plain and the SMARTl have been studied by Chiang (1976) and by Wen and Yeh (1984) , respectively. The subsurface structure of the SMARTl area from the top can be summarized as follows: (a) The soil layer has P wave velocity of about 430 to 760 m s-1 with a thickness of about 3 to 18 m; (b) The alluvium layer has a P-wave velocity of about 1400 to 1700 m s-1 with a thickness of about 30 to 60 m; (c) The third layer has a P-wave velocity of about 1800 to 2000 m s-1 with a thickness of about 170 to 540 m; (d) The Miocene basement has a P-wave velocity of about 3300 to 4000 m s -1 • If we suggest that Vs= J3Vp, the S-wave velocit y of the basement is calculated at about 2000 m s-1. The phase velocities obtained for microtremors are less than the S-wave velocity of the basement at any SMARTl region (Table 2 ) and are of normal dispersion (Fig. 5) . This may suggest that the microtremors are Rayleigh waves. According to the above considerations, we exclude the origins caused by traffic and stream, and suggest that the origin of microtremors at the SMARTl area may be caused by the effects of the Pacific ocean on the coast. The first column of Table 2 shows the average phase velocities of each array: obtained from f-k estimate. Compare the results of array 1 and 2. It can be seen that the phase velocity corresponds with each frequency and is nearly the same. At frequencies between 0.96 to 1.04 Hz, both a�rays have a velocity drop from 703 to 585 m s-1 and 689 to 558 m s-1, respectively. For array 3, there also exists a velocity anomaly from 669 to 468 m s-1 between frequencies 0.72 to 0.8 Hz; _and at frequency 0.8 Hz the velocity is 468 m s-1, which is much less· than that of array 1 and 2, at the same frequency. Array No. If we suggest that the depth of a Rayleigh wave can be about one-third of its wavelength, the second column of Table 2 shows that depth corresponds with each frequency at each array. Their range is between 357 and 70 m. From Wen and Yeh (1984) , the average thickness from surface to bedrock is about 410 m, for the SMARTl area which is larger than the greatest depth Rayleigh waves can penetrate. Therefore, the propagation path of a Rayleigh wave caused by microtremors is mainly controlled by the alluvium layer and Pleistocene formation, for the SMARTl area. The average P-wave velocity of the Pleistocene formation i� 1900 m s-1 and we suggest the Rayleigh wave velocity is 0.92 times of that S-wave. According to velocity anomalies, we may divide the subsurface structure into two layers (Table 3) Thickness S-velocity Poisson (m) (rn/s) ratio It is obvious that the S-wave velocities of array 3 have significant differences among these arrays. It may be due to the differences of the rock's physical properties beneath array 3. Our results didn't show the geological boundaries like Weri and Yeh (1984) . If we increase the array'· s dimension and decrease the distance between adjacent sensors in this study, we may realize the longer and shorter wavelengths of microseisms, and could obtaine more detailed geological conditions for the SMARTl area.
CONCLU SIONS
Three separate small circular arrays were installed in the vicinity of the SMART! area, on July 12, 13 and 15, 1982, to record the microtremors at the site of the SMARTl in northeastern Taiwan. In this study frequency wavenumber analysis was used to investigate the noise field. The analysis cov ered the frequency range from 0.72 to 1.84 Hz. The origin and characteristics of microtremors can be summarized as below:
(1) At a frequency range between 0.8 to 1.76 Hz, 0.72 to 1.84 Hz and 0. 72 to 1.52 Hz, for array 1, 2 and 3, respectively, there always exists a coherence energy across the array in north-east /or south-east directions. We suggest that they may be generated by the effect of the Pacific Ocean on the coast. (2) At frequencies 0. 72 to 1.84 Hz, the phase velocities obtained from f k estimates are less than the S-wave velocity of the basement (Lushan Formation), and are at normal dispersion, thus we could identify the waves types as Rayleigh waves. At frequencies less than 0.64 Hz (not shown here), the wavelength of the microtremors are about four or five times the array diameter, therefore the array would not be able to give adequate wavenumber resolution. At frequencies greater than 1.84 Hz, no organization of the microtremors could be detected at the sensor spacing used. (3) According to velocity anormalies and dispersion curves (Fig. 5) , the sub surface structure of the SMARTl area could be divided into two layers (Table 3) It can be seen that the structure beneath these arrays is nearly flat, but the S-wave velocities beneath array 3 are less than those beneath arrays · 1 and 2. This may be due to the different physical properties of the geological formations.
